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Density functional theoryDensity functional theory
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Interaction:

Extensions:   Covariance, Pairing correlations    
Relativistic Hartree Bogoliubov (RHB) 



Covariant DFT

Nucleons are coupled by exchange of mesons 
through an effective Lagrangian (EFT)

(Jπ,T)=(0+,0) (Jπ,T)=(1-,0) (Jπ,T)=(1-,1)

Sigma-meson:
attractive scalar field  

Omega-meson: 
short-range repulsive 

Rho-meson:
isovector field
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Covariant density functional theoryCovariant density functional theory
NL3/D1S



Density 
dependenceEffective density dependence:Effective density dependence:

non-linear potential:  

density dependent coupling constants:
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NL1,NL3..

DD-ME1,DD-ME2

Boguta and Bodmer, NPA. 431, 3408 (1977) 

R.Brockmann and H.Toki, PRL 68, 3408 (1992)
S.Typel and H.H.Wolter, NPA 656, 331 (1999)



Motivation for new force
standard RMF interactions 

overestimate the neutron skins

Why again an new parameterization ?Why again an new parameterization ?



parameterizat
ionParameterization of denstiy dependenceParameterization of denstiy dependence

MICROSCOPIC: Dirac-Brueckner calculations  

PHENOMENOLOGICAL:

Typel and Wolter, NPA 656, 331 (1999)
Niksic, Vretenar, Finelli, Ring, PRC 66, 024306 (2002)

gσ(ρ)

gω(ρ)

gρ(ρ)

saturation density



EOS for DD-ME2

Neutron Matter

Nuclear matter equation of stateNuclear matter equation of state



Symmetry 
energySymmetry energySymmetry energy

empirical values:empirical values:
30 MeV ≤ a4 ≤ 34 MeV

2 MeV/fm3 < p0 < 4 MeV/fm3

-200 MeV < ∆K0 < -50 MeV



Finite nucleiGround state properties of finite nucleiGround state properties of finite nuclei

Charge isotope shifts in even-A 
Pb isotopes. 

Binding energies, charge isotope shifts, and quadrupole 
Deformations of Gd, Dy, and Er isotopes.

DD-ME1



Masses: 900 
keVrms-deviations:   masses:  ∆m = 900 keV

radii:       ∆r   = 0.015 fm
rms-deviations:   masses:  ∆m = 900 keV

radii:       ∆r   = 0.015 fm



SH-Elements
Superheavy Elements:   Qα-valuesSuperheavy Elements:   Qα-values

Exp: Yu.Ts.Oganessian et al, PRC 69, 021601(R) (2004)



Superheavy elements: Quadrupole deformationsSuperheavy elements: Quadrupole deformations

SH-deformation

oo eo

RHB/DD-ME2



Pb: 
GMR/GDR

DD-ME2



IV-GDR in Sn-isotopesIV-GDR in Sn-isotopes

Sn: GDR DD-ME2

DD-ME2



pn-resonances
Spin-Isospin Resonances:   IAR - GTRSpin-Isospin Resonances:   IAR - GTR

Z,N Z+1,N-1

 Z,NTS  GTR - +=

spin flip σ

Z,N  Z,NT  IAR +=

isospin flip τ

 skin  neutron
dr
dVslEE IARGTR  ~  ~  ~  - )⋅(∆



IAR
Isobaric Analog Resonance: IARIsobaric Analog Resonance: IAR

N. Paar, T. Niksic, D. Vretenar, P.Ring, PRC. (2004) in print



GTR/IAR –
neutron skinNeutron skin and IAR/GRTNeutron skin and IAR/GRT

The isotopic dependence of the energy
spacings between the GTR and IAS

direct information on the 
evolution of the neutron skin
along the Sn isotopic chain



Exp: pygmy O



Pygmy: O-
chain Evolution of IV dipole

strength in Oxygen isotopes

Effect of pairing 
correlations on the 
dipole strength 
distribution

What is the structure of low-
lying strength below 15 MeV ?

RHB + RQRPA calculations with 
the NL3 relativistic mean-field 
plus D1S Gogny pairing interaction.

Transition densities



Pygmy: 132-Sn
Mass dependence of GDR and Pygmy 
dipole states in Sn isotopes. Evolution 
of the low-lying strength.

Isovector dipole strength in 132Sn. 

GDR

Nucl. Phys. A692, 496 (2001)

Distribution of 
the neutron 
particle-hole 
configurations
for the peak at
7.6 MeV (1.4% 
of the EWSR)

Pygmy state



Pygmy: 208-PbIV Dipole Strength for 208Pb and transition densities for the peaks at 7.29 MeV 
and 12.95 MeV Phys. Rev. C63, 047301 (2001)

Exp GDR at 13.3 MeV

Exp PYGMY centroid
at 7.37 MeV

In heavier nuclei low-lying dipole states appear that are characterized by 
a more distributed structure of the RQRPA amplitude.

Among several single-particle transitions, a single collective dipole state is 
found below 10 MeV and its amplitude represents a coherent superposition 
of many neutron particle-hole configurations.

208Pb



Exp: Pygmy Pb-208

Exp:         7.37 MeV
Theory:    7.29 MeV



ISD modes
Isoscalar dipole compression -- toroidal modesIsoscalar dipole compression -- toroidal modes

Isoscalar GMR in spherical nuclei ->  nuclear matter compression modulus Knm. 

Giant isoscalar dipole oscillations -> additional information on the nuclear 
incompressibility.

ISGDR strength distributions
Effective interactions 
with different Knm.

Compression mode

The low-energy strength
does not depend on Knm !

Phys. Lett. B487, 334 (2000)



Toroidal
motionToroidal motionToroidal motion

multipole expansion of a four-current distribution:
charge moments 
magnetic moments 
electric transverse moments -> toroidal moments

toroidal dipole moment: poloidal currents on a torus 

isoscalar toroidal dipole operator:

ISGDR transition densities
for 208Pb (NL3 interaction)



CurrentsToroidal dipole
strength distributions.

Velocity 
distributions 
in 116Sn 

Vretenar, Paar, Niksic, Ring,
Phys. Rev. C65, 021301 (2002)



Conclusions 
1 -------Conclusions:Conclusions:

Density dependence in the ρ channel

- most of results as NL3
- better equation of state
- better symmetry energy
- on the way to a mass-formula
- superheavy elements

- GMR:   250 < K < 270
- GDR:   32 < J < 34
- spin-isospin modes: -> neutron skin
- new exotic modes: 

* pygmy resonances
* toroidal resonances



Conclusions 
2 -------

Outlook:
covariant density functionals with density 
dependent meson couplings are an 
intermediate step on the way to a

Optimal density functional:
•As a basis for correlations
•As a basis for connections to QCD 

RMF models with RMF models with 
densitydensity--dependent mesondependent meson--nucleonnucleon

couplingscouplings
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